Background: Hepatocellular carcinoma (HCC) is a highly fatal malignant cancer worldwide. Elucidating the underlying molecular mechanism of HCC progression is critical for the identification of new therapeutic targets for HCC. This study aimed to determine the role of Non-SMC condensin II complex subunit G2 (NCAPG2) in HCC proliferation and metastasis. Methods: We detected NCAPG2 expression in tissues using immunohistochemistry, western blotting and realtime PCR. The effects of NCAPG2 on cell proliferation and metastasis were evaluated both in vitro and in vivo. Immunocytochemistry, enzyme linked immunosorbent assay, co-immunoprecipitation and luciferase reporter assay were performed to uncover the underlying mechanisms. Findings: We found that NCAPG2 is frequently upregulated in HCC tumour tissues and predicts a poor prognosis. NCAPG2 overexpression promotes HCC proliferation, migration, and invasion through activating STAT3 and NF-κB signalling pathways. Moreover, NCAPG2 is a direct target of miR-188-3p. We demonstrated the existence of a positive feedback loop between NCAPG2 and p-STAT3 and a negative feedback loop between NCAPG2 and miR-188-3p. Interpretation: Our study indicates that NCAPG2 overexpression could drive HCC proliferation and metastasis through activation of the STAT3 and NF-κB/miR-188-3p pathways. These findings may contribute to the identification of novel biomarkers and therapeutic targets for HCC.
Hepatocellular carcinoma (HCC) is a highly fatal malignant cancer that is the fourth leading cause of cancer-related mortality worldwide [1] . Most patients only receive a confirmed diagnosis of HCC at an advanced stage and, therefore, miss the optimal time for radical treatment, especially in less developed countries. Even with excellent treatment, the overall prognosis for HCC is poor due to early recurrence or metastasis [2, 3] . Therefore, it is important to investigate and understand the EBioMedicine 44 (2019) [237] [238] [239] [240] [241] [242] [243] [244] [245] [246] [247] [248] [249] underlying molecular mechanism of HCC progression to identify new therapeutic targets.
Non-SMC condensin II complex subunit G2 (NCAPG2) belongs to the chromosome condensin II complex, which is critical for chromosome condensation and segregation during mitosis. Phosphorylationdependent PHF8 dissociation from chromatin in prophase leads to the interactions between the HEAT repeat clusters in NCAPG2 and H4K20me1 during cell cycle progression [4] . Previous studies indicate that NCAPG2 interacts with Polo-like kinase 1 (PLK1) during the prometaphase-metaphase transition in mitosis, and is a critical player in PLK1 kinetochore localization [5] . PLK1 is a well-established oncogene in HCC progression [6] . Recently, it was demonstrated that NCAPG2 promotes tumour proliferation by regulating the G2/M phase and is associated with poor prognosis in lung adenocarcinoma [7] . However, whether NCAPG2 plays a role during HCC progression is yet to be determined.
MicroRNAs participate in many biological processes including HCC progression by directly interacting with mRNAs and inhibiting expression of the target genes via various molecular mechanisms [8, 9] . Aberrant miRNAs can act as oncogenes or tumour suppressor genes by downregulating specific target genes, including pivotal signalling pathway factors, which may be involved in epigenetic modifications [10] , cancer stem cells (CSCs) [11] , epithelial-to-mesenchymal transition (EMT) [12] , matrix metalloproteinases (MMPs) activity [13] , and other signalling pathways.
Chronic inflammation is one of the main risk factors for cancer. In addition to producing secreted inflammatory cytokines, including interleukin-1β (IL-1β) and interleukin-6 (IL-6), chronic inflammation generates cascade activation of corresponding transcription factors involved in carcinogenesis or metastasis, such as NF-κB and STAT3 [14, 15] . Our previous study suggested that NF-κB acts as a direct transcriptional regulator of ATPase Inhibitory Factor 1 (ATPIF1) expression, and ATPIF1 in turn upregulates NF-κB activation and Snail and VEGF expression to promote metastasis and angiogenesis in HCC [16] . In human HCC, expression of p-STAT3 is upregulated, and p-STAT3 cooperates with NANOG to activate Twist 1 resulting in TLR4-mediated liver tumorigenesis [17] . In addition, NF-κB and STAT3 can mutually regulate each other [18, 19] . NF-κB generates high levels of IL-6 by directly activating IL-6 transcription, and high levels of IL-6 in turn activates NF-κB, thereby completing the positive feedback loop that maintains the transformed phenotype, self-renewal of mammospheres, and tumour formation [20] .
In this study, we demonstrated that increased NCAPG2 and reduced miR-188-3p expression levels are associated with HCC progression and poor prognosis. NCAPG2 overexpression stimulates the phosphorylation of STAT3, which directly enhances NCAPG2 transcription. Moreover, NCAPG2 is a target of miR-188-3p, which can be negative regulated by NF-κB activation resulting from increased NCAPG2, thus forming a negative feedback loop. Altogether, our study provides a novel signalling pathway that mediates HCC progression produced by NCAPG2 and miR-188-3p.
Materials and methods

Clinical specimens and cell lines
Two independent cohorts composed of 216 patients with HCC were enrolled in this study (cohort 1, n = 136; cohort 2, n = 80). Paired HCC tissues and adjacent liver tissues were collected from patients who underwent liver resection at the First Affiliated Hospital of Harbin Medical University between January 2008 and August 2013. All patients provided written informed consent and this study was approved by the Research Ethics Committee of the First Affiliated Hospital of Harbin Medical University. Follow-up data were collected from patients after hepatic resection to monitor and assess the overall rate of cancer metastasis and recurrence. A normal liver cell line (L02) and several HCC cell lines (Huh7, HCCLM3, SK-Hep-1, MHCC97H, MHCC97L, SMMC7721, and HepG2) were purchased from Shanghai Cell Bank of Chinese Academy of Sciences (Shanghai, China).
Lentivirus and shRNA transfection
The lentiviral vector system (LV), short hairpin RNAs (LV-shRNA) and the empty vectors were purchased from GeneChem Corporation (Shanghai, China). Oligonucleotides for mimics, inhibitors and negative-control were purchased from RiboBio Corporation (Guangzhou, China). The specific sequences were displayed in Supplementary  Table 2 . Transfection of plasmids (2 μg mimics, 150-200 nM inhibitors or siRNAs) were transfected into according to the manufacturer's suggested protocols.
Immunohistochemical (IHC) analysis
Sample and microarray sections were stained with diaminobenzidine (DAB Kit; Vector Laboratories) and counterstained with hematoxylin (Sigma, St. Louis, MO, USA) to visualize the immunoreaction product following the manufacturer's suggested protocols. Briefly, the percentage score was defined as: 0, 0 to b5%; 1, 5 to b25%; 2, 26 to b50%; 3, 51 to 75%; 4, 76 to 100%; the staining intensity was defined as 1, weak; 2, moderate; 3, strong and providing a Multiply index (MI) score (MI = intensity* percentage) as follows: MI, 0, scored as 1; MI, 1-4, scored as 2; MI, 5-8, scored as 3; MI, 9 or 12, scored as 4. Samples with a score equal to or ≥ 3 were considered to exhibit high expression, while those with a score ≤ 2 were classified as showing relative low expression.
Quantitative real-time PCR and western blot analysis
Quantitative real-time PCR and western blot analyses were performed as previously described [21] . Detailed information regarding the primers used for quantitative real-time PCR is listed in
Research in context
Evidence before this study NCAPG2 belongs to chromosome condension II complex, which is critical for mitosis, DNA repair and histone modulation. Our mRNA microarray analysis (using 5 paired tumours and adjacent tissues from HCC patients) indicated that NCAPG2 is obviously upregulated in HCC tumours. However, whether NCAPG2 has a functional effect and how NCAPG2 is regulated during HCC progression are yet to be elucidated.
Added value of this study
NCAPG2 is an important oncogene that contributes to HCC proliferation and metastasis through upregulating NF-κB pathway, IL-6 secretion, activating STAT3 and its target genes (including c-myc, CDK4, cyclin D1, Slug, MMP 9). Furthermore, there existes a positive feedback loop between NCAPG2 and p-STAT3 and a negative feedback loop between NCAPG2 and miR-188-3p.
Implications of all the available evidence
This study has great potential for expanding our knowledge of NCAPG2 and miR-188-3p during HCC progression and provides novel biomarkers and therapeutic targets for HCC patients.
Supplementary Table 4 . Information on all the primary antibodies used in this study is provided in Supplementary Table 3.
Proliferation and Transwell assays
Cell growth, colony formation, migration, and invasion assays were performed according to the manufacturer's instructions as described in previous studies [21] . As for the cell cycle tests, 20 × 10 4 transfected cells were fixed in 80% ethanol overnight and stained as the protocol of Cycle TESTTM PLUS DNA Reagent Kit (BD Biosciences San Jose, CA) and were analysed by flow cytometry (Beckman Coulter FC500).
Wound-healing assay
Transfected Cells were seeded in a 6-well plate at 30 × 10 4 cells per well. After the cells attached completely, a 10-μl pipette tip was used to scratch a straight line in each well and then washed with PBS and cultured in serum-free medium for additional 24 or 36 h, the scratch lines were captured by using microscopic camera.
Immunofluorescence (IF) assay
Cells were seeded on polylysine-coated coverslips, cultured for 24 h, and fixed with 4% paraformaldehyde, followed by 0.1% Triton-X-100 permeabilization. Then cells were incubated with primary antibodies, secondary antibodies (Invitrogen) and DAPI (Vector Laboratories) in sequence. The images were captured under microscopic camera.
In Vivo tumour growth and metastasis assays
All experimental protocols involving animals were approved by the Animal Ethics Committee of Harbin Medical University, China. Four-to six-week old male BALB/c nude mice were purchased from the Shanghai Animal Centre (Shanghai, China). Flank subcutaneous xenografts were established by subcutaneous injection of 1 × 10 6 cells suspended in 100 μl PBS. After 4 weeks, subcutaneous tumours were removed and their volume and weight recorded. For the liver orthotopic xenograft implantation model, subcutaneous tumours were dissected into 1-mm 3 sections and then implanted into the liver parenchyma. Tumour growth was monitored by bioluminescent signals, and mice were sacrificed after 6 weeks. Moreover, 1 × 10 6 cells were injected into the mouse tail vein to achieve in vivo lung metastasis. The metastatic nodules were also measured by bioluminescent signals and the mice were sacrificed after 6 weeks. Tumour, liver, and lung sections were processed for hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC) to assess proliferation and metastasis potential.
Luciferase reporter assay
Luciferase reporter assays were performed according to the manufacturer's instructions (Promega). To determine the influence of p-STAT3 on NCAPG2 promoter activity, the NCAPG2 promoter-luciferase reporter plasmids containing NCAPG2 promoter region from 3014-3100 bp upstream of its transcription start site were constructed in the pGL3.0 plasmid. To evaluate the interaction between miR-188-3p and NCAPG2, the indicated cells were transfected with pGL3-based constructs containing NCAPG2-WT or NCAPG2-MUT plus miR-188-3p mimics or inhibitors. Twenty-four hours after transfection, firefly and Renilla luciferase activity was examined by the Dual-Luciferase Reporter Assay System (Promega). Renilla activity was used to normalise firefly activity.
Co-immunoprecipitation (IP) assay
Cells were harvested and then lysed in 500 μl co-IP buffer containing a protease inhibitor cocktail (Sigma-Aldrich). After centrifugation, cell lysates were collected and precleared by incubating with 20 μl immobilized protein A/G beads for 1 h at 4°C. The beads were then discarded using a magnetic frame and the lysates incubated with primary antibody or control IgG on a rotator at 4°C overnight. On the following day, 20 μl of immobilized protein A/G beads were added to precipitate the protein complex at 4°C for 4 h. Subsequently, samples were washed five times, the beads were boiled in loading buffer, and the proteins were prepared for western blotting as described above.
Chip-qPCR
The process was followed by formaldehyde fixation (1% final concentration), cell lysis, and sonication and the immunoprecipitation were performed using STAT3 antibody. The PCR products were separated by agarose gel electrophoresis and visualized by ethidium bromide staining. Detailed information regarding the primers used for Chip-PCR is listed in Supplementary Table 4. 2.12. ELISA assay IL-6 concentrations were measured via ELISA Kit (Boster Biological Technology, Wuhan, China. Catalog #EK0410). ELISA experiments were performed according to manufacturer's instructions. Supernatant was centrifuged before use and stored at −80°C. Cytokine concentrations were normalized to cell counts in each well.
Statistical analyses
Each experiment was performed three times. Clinical information of The Cancer Genome Atlas (TCGA) for liver cancer was downloaded from the TCGA database (https://tcga-data.nci.nih.gov/; accessed on February 6, 2016). Statistical analyses was performed with SPSS 19.0 software or GraphPad Prism 7.0 software. Data are presented as mean ± standard deviation (SD), and the Student's t-test or one-way or two-way ANOVA was used to compare the means of independent samples. Correlations were determined using Pearson's linear-regression analysis. The log-rank test was used to compare Kaplan-Meier survival curves. P values of b0.05 were considered statistically significant.
Results
NCAPG2 is frequently upregulated in HCC and predicts a poor prognosis
Our mRNA microarray analysis (using 5 paired tumour and adjacent tissues from patients with HCC) indicated that NCAPG2 is significantly upregulated in HCC tumours (P = .0017, FC = 2.933449, Supplementary Fig. 1a ). To further confirm the clinical significance of NCAPG2 expression in patients with HCC, we examined a tissue microarray cohort of 136 patients with HCC using IHC staining and western blotting with an NCAPG2 antibody (Fig. 1a, b) . The expression level of NCAPG2 was significantly higher in HCC tumour tissues than adjacent nontumour tissues, and the NCAPG2 staining was more intense in more advanced-stage liver cancer ( Supplementary Fig. 1b ). Moreover, a clinicopathological characteristic analysis indicated that higher NCAPG2 expression is positively associated with tumour size (P = .0022), TNM stage (P = .0193), vascular invasion (P = .0036), and lymph node metastasis (P = .0304) ( Fig. 1c and Supplementary Table 1 ). The expression levels of NCAPG2 mRNA were also validated in the other cohort of patients with HCC (80 paired specimens) using real-time PCR (Fig. 1d) . Intriguingly, worse overall survival (OS) and disease-free survival (DFS) were usually accompanied by higher NCAPG2 expression in patients with HCC ( Fig. 1e, f) , which is consistent with the TCGA dataset analysis ( Supplementary Fig. 1c-e) . These results indicated that NCAPG2 is frequently upregulated in patients with HCC and may act as a predictor for HCC survival and recurrence.
NCAPG2 enhances HCC cell proliferation in vitro and in vivo
Prior to the functional tests, we examined NCAPG2 mRNA and protein expression levels in HCC cell lines with different metastatic potency. Compared to a normal liver cell line (L02), much higher expression was detected in the HCC cell lines, especially in the highly metastatic HCCLM3 and SK-Hep1 cells (Fig. 2a, b) . Next we designed gainand loss-of-function studies by overexpressing NCAPG2 in Huh7 cells and knocking down NCAPG2 expression in HCCLM3 and SK-Hep1 cells by lentivirus (Lv) transfection. We verified and chose Lv-shRNA 78-1 and 80-1 as the best candidates for silencing NCAPG2 expression by western blotting (Fig. 2c) . In CCK8 growth curve assays, NCAPG2 overexpression significantly increases cell growth, whereas silencing NCAPG2 decreases cell growth from the fourth day after lentivirus transfection ( Fig. 2d) . Colony formation assays showed that NCAPG2 overexpression contributes to increased colony size and numbers, while knocking down NCAPG2 impairs the foci formation capacity ( Fig. 2e and Supplementary Fig. 3a) . Subsequently, a cell cycle analysis reveals that NCAPG2 upregulation in Huh7 cells enhances the G1/S transition, while NCAPG2 downregulation in HCCLM3 and SK-Hep1 cells inhibits the transition (Fig. 2f) . No ideal results were achieved by analysis of apoptosis assays ( Supplementary Fig. 2 ). The in vivo experiments were conducted in a subcutaneous and liver tumour orthotopic nude mouse model. The results revealed a similar trend to what was observed in vitro; Huh7-NCAPG2 cells are more likely to generate higher tumour volumes and growth rates, whereas HCCLM3-sh NCAPG2 cells decrease the tumorigenicity to a certain extent (Fig. 2g ). In addition, we found that overexpression of NCAPG2 in Huh7-derived orthotopic tumours gave rise to more intrahepatic metastatic nodules than the control group. Silencing NCAPG2 in the HCCLM3 model resulted in fewer liver metastatic nodules. Furthermore, compared with the control group, overexpression of NCAPG2 resulted in stronger Ki67 staining in liver orthotopic tumour sections, while silencing NCAPG2 expression produced the opposite results (Fig. 2h, i) . Taken together, our findings indicate that NCAPG2 plays an important role in facilitating HCC proliferation in vitro and tumorigenesis in vivo.
NCAPG2 promotes HCC cell migration, invasion, and lung metastasis
Given the positive association between NCAPG2 and TNM stage, vascular invasion, and lymph node metastasis, we decided to investigate whether NCAPG2 expression affects HCC cell motility and invasiveness. Wound-healing tests showed that when NCAPG2 is upregulated in Huh7 cells, cell migratory ability is enhanced, but the ability is abrogated when NCAPG2 is silenced in HCCLM3 and SK-Hep1 cells ( Fig. 3a and Supplementary Fig. 3b ). Overexpression of NCAPG2 increases the migratory and invasive capabilities of Huh7 cells significantly, as revealed by Transwell migration and Matrigel invasion assays. In contrast, knocking down NCAPG2 in the highly invasive HCCLM3 and SK-Hep1 cells decreases their motility and invasive behaviours (Fig. 3b, c and Supplementary Fig. 3c ).
To determine whether NCAPG2 could affect HCC metastasis in vivo, we injected stable transfected cells (Huh7-NCAPG2, HCCLM3-shNCAPG2, and controls) through the tail vein of nude mice and monitored for lung metastatic nodules. Six weeks after injection, the mice in the Huh7-NCAPG2 group exhibited more and bigger lung metastatic nodules than the HCCLM3-shNCAPG2 group (Fig. 3d-f) . The presence of the lung metastatic nodules was confirmed by H&E staining (Fig. 3g) . IHC staining of epithelial-mesenchymal transition (EMT) markers showed that the Huh7-NCAPG2 derived lung metastatic nodules have a relatively lower expression of E-cadherin and higher expression of N-cadherin and vimentin compared to the nodules from the Huh7-con group. While HCCLM3-shNCAPG2 group displayed an opposite compared to control group ( Supplementary Fig. 4 ). These results provide further evidence that NCAPG2 is involved in promoting HCC invasion and metastasis.
NCAPG2 induces epithelial-mesenchymal transition in HCC
EMT is a cellular process characterised by a loss of epithelial characteristics and gain of mesenchymal phenotypes, which drives epithelial cells to acquire motility and invasiveness. Thus, we sought to investigate the relationship between NCAPG2 and EMT in HCC. Western blotting data showed that NCAPG2 overexpression in Huh7 cells decreases the expression of the epithelial marker E-cadherin, and upregulates the expression of the mesenchymal markers, N-cadherin and vimentin. The opposite result was obtained in HCCLM3-shNCAPG2 and SK-Hep1-sh NCAPG2 cells when compared to controls, as evidenced by PCR and immunofluorescence (IF) analyses (Fig. 4a, b) . Moreover, the IF staining of phalloidine revealed that Lv-NCAPG2-transfected Huh7 cells tend to exhibit a more spindle-like, mesenchymal morphology. In contrast, Lv-shRNA-NCAPG2-transfected HCCLM3 and SK-Hep1 cells appear round, with a more epithelial morphology than Lv-shRNA-control cells (Fig. 4c) . Previous studies have demonstrated that EMT markers can be regulated by transcription factors such as Snail, Slug, Twist, and Zeb1 family proteins [22, 23] . Our results revealed that only Slug protein and mRNA levels were significantly increased after NCAPG2 overexpression, while the opposite was observed after NCAPG2 expression knockdown ( Fig. 4a and Supplementary Fig. 5a, b) . The same trend was further confirmed by IF (Fig. 4c) . Taken together, these observations suggest that NCAPG2 induces EMT in HCC cells.
Slug is essential for NCAPG2-mediated EMT and HCC metastasis
We next examined the role of Slug in NCAPG2-mediated EMT progression. We found that knocking down slug expression using shRNAslug in Huh7 cells markedly attenuates the decrease in E-cadherin and inhibits the increase of N-cadherin and vimentin induced by NCAPG2 overexpression. In contrast, overexpression of Slug inhibits E-cadherin upregulation and rescues the loss of N-cadherin and vimentin expression in HCCLM3-shNCAPG2 cells (Fig. 4d) . Functional tests of Slug were then conducted in vitro and in vivo using stable lentivirus transfection. As expected, we found that the migration and invasiveness of Huh7-NCAPG2 cells was repressed by knocking down Slug expression, while the decreased migratory and invasive capabilities of HCCLM3-shNCAPG2 cells were restored by ectopic overexpression of Slug (Fig. 4e) . In addition, we found fewer and smaller lung metastatic nodules in mice injected with Huh7-NCAPG2-sh Slug cells compared to Huh7-NCAPG2-sh control cells. In contrast, the Lv-shRNA-NCAPG2-mediated decrease in lung metastatic nodules was significantly reversed by Slug overexpression in the HCCLM3 group (Fig. 4f, g ). These observations were further confirmed by H&E staining of the lung sections (Fig. 4h) . Our results indicated that Slug likely plays a critical role in NCAPG2-induced EMT and metastasis in HCC cells.
NCAPG2 exerts dual functions by activating the STAT3 and NF-κB signalling pathways
Given the obvious effects of NCAPG2 on HCC cell growth and metastasis, we examined the relationship between NCAPG2 and signalling pathways that regulate tumour growth and metastasis, including the NF-κB, STAT3, protein kinase B (AKT), and extracellular signalregulated kinase (ERK) pathways. Western blot analyses showed that total protein levels of NF-κB, p-NF-κB (S536), p-STAT3 (Y705), and other targets (c-myc, CDK4, cyclin D1, MMP9) are increased by NCAPG2 overexpression and decreased by NCAPG2 silencing ( Fig. 5a ; Supplementary Fig. 5c ). However, the quantification of p-NF-κB/NF-κB did not reach statistical significance (Supplementary Fig. 5d ). The mRNA levels of NF-κB, c-myc, cyclin D1, CDK4, and MMP9 are upregulated by NCAPG2 overexpression, and downregulated by silencing NCAPG2 expression in HCC cells (Supplementary Fig. 5e ). Examining the expression of these proteins in the liver orthotopic and lung metastasis tumour tissues produced results similar to the in vitro observations ( Supplementary Fig. 6a, b) . The NF-κB and STAT3 signalling pathways have been confirmed to be closely related to HCC growth and metastasis [17, [24] [25] [26] , with IL-6 as a key factor influencing the crosstalk between NF-κB and IL-6/STAT3 signalling [20, 27] . Detecting IL-6 secretion by ELISA showed that NCAPG2 overexpression tends to stimulate IL-6 secretion while knocking down NCAPG2 expression exerts the opposite effect (Fig. 5b) . Next, we examined whether NCAPG2-mediated HCC growth and metastasis is dependent on the activation of STAT3. Preincubation of Huh7-NCAPG2 cells with the STAT3 inhibitor Stattic (10 μM, 24 h) resulted in the downregulation of c-myc, CDK4, cyclin D1, and Slug expression. However, in HCCLM3 cells, IL-6 stimulation (10 ng/ml, 24 h) increases the expression of p-STAT3 and rescues the shRNA-NCAPG2-mediated loss of c-myc, cyclin D1, CDK4, and Slug expression (Fig. 5c) . We conclude that the STAT3 and NF-κB signalling pathways are crucial for NCAPG2-mediated HCC growth and metastasis.
P-STAT3 contributes to the upregulation of NCAPG2 expression in HCC cells
In our investigation of p-STAT3-mediated HCC progression, we found that NCAPG2 expression was also regulated by STAT3 activation and inactivation. To verify the relationship between p-STAT3 and NCAPG2, we performed a co-IP experiment, which confirms that p-STAT3 interacts with NCAPG2 ( Fig. 5d and Supplementary Fig. 7a ). Moreover, STAT3 chip-sequence data retrieval and bioinformatics analysis revealed that the promotor region of NCAPG2 contains conserved STAT3-binding sites [28] . In the present study, a Chip-qPCR assay showed that STAT3 is recruited to the region of the NCAPG2 promoter regulatory region when compared to the IgG group ( Fig. 5e; Supplementary Fig. 7b, c) . To determine the influence of p-STAT3 on NCAPG2 promoter activity, we performed a promoter luciferase assay with HCCLM3 cells transfected with NCAPG2-promoter-luc or pGL3-luc plasmids, respectively. The cells were treated with either IL-6 or Stattic. NCAPG2 promoter activity was significantly increased in IL-6-treated cells and obviously decreased by Stattic treatment, while no significant changes were observed in pGL3 Luciferase activity (Fig. 5f) . Furthermore, NCAPG2 expression was increased after IL-6 stimulation in a dose-and time-dependent manner in Huh7 cells (Fig. 5g and Supplementary Fig. 7d ), indicating that NCAPG2 could promote its own expression by activating STAT3, thus forming a positive feedback loop. To validate the relationship between NCAPG2 and p-STAT3, we detected their expression levels in 80 paired HCC specimens by IHC (Fig. 5h) . The Spearman's correlation test confirmed a positive association between NCAPG2 and p-STAT3 in HCC (Fig. 5i) . (r = 0.6101, P b .001).
NCAPG2 is negatively regulated by miR-188-3p in HCC
More than one-third of all human genes are regulated by miRNAs that play important roles in the progression and metastasis of multiple cancers [29, 30] . We screened for miRNAs that could potentially regulate NCAPG2 by analysing several online miRNA target analysis algorithms ( Supplementary Fig. 8a ). An examination of these miRNAs in HCC liver tumour and adjacent tissues revealed that miR-188-3p is the only miRNA frequently downregulated in HCC (Fig. 6a and Supplementary Fig. 8b-e ). We found that the level of miR-188-3p decreases progressively from normal liver cells to HCC cells with low metastatic potential, and finally to HCC cells with high metastatic potential (Supplementary Fig. 9a) . Hence, we speculated that the upregulation of NCAPG2 in HCC may be partially attributed to the low level of miR-188-3p. To test this hypothesis, we knocked down and overexpressed miR-188-3p with inhibitors in Huh7 cells and mimics in HCCLM3 and SK-Hep1 cells, respectively. We observed a negative relationship between NCAPG2 and miR-188-3p levels, accompanied by p-STAT3 upregulation and downregulation, respectively (Fig. 6b) . To confirm a direct interaction between miR-188-3p and the 3'UTR of NCAPG2 mRNA, we designed wild-type and mutated sequences of the 3'UTR for luciferase-reporter assays (Fig. 6c) . In the wild-type 3' UTR group, miR-188-3p overexpression suppresses Luciferase activity significantly, while the miR-188-3p inhibitor enhances it. In contrast, there is no visible difference in the mutant group (Fig. 6d, e) . These data indicate that in HCC, NCAPG2 is negatively regulated by miR-188-3p and decreased miR-188-3p could upregulate NCAPG2 expression. 
MiR-188-3p reverses NCAPG2-mediated proliferation and metastasis in vitro and in vivo
To confirm that miR-188-3p is involved in the tumour-promoting function of NCAPG2, rescue experiments were designed. Colony formation and Transwell Matrigel invasion assays showed that overexpression of miR-188-3p significantly reverses the ability of NCAPG2 to promote proliferation and invasiveness of Huh7-NCAPG2 cells. In contrast, downregulation of miR-188-3p enhances the aggressiveness of HCCLM3-shNCAPG2 cells (Fig. 6f-h and Supplementary Fig. 9b and  10b) . Meanwhile, western blotting showed that overexpression of miR-188-3p partly abolishes the Huh7-NCAPG2-induced loss of Ecadherin and upregulation of N-cadherin, vimentin, and Slug (Fig. 6i) , which also rescues the morphological changes in Huh7-NCAPG2 and HCCLM3-shNCAPG2 cells (Supplementary Fig. 10a ). These results were also confirmed by IF (Fig. 6j) . In a liver subcutaneous and orthotopic tumour xenograft model using stable lentiviral transfected cells, we found that an increased level of miR-188-3p attenuates HCC tumorigenesis and growth of Huh7-NCAPG2 cells (Fig. 6g and Supplementary Fig. 9c-e) . Mice in the Huh7-NCAPG2-miR-188-3p group have fewer and smaller metastatic lung nodules, compared to the Huh7-NCAPG2-con group (Fig. 6k and Supplementary Fig. 10c, d ). H&E staining of the lung sections confirmed these observations (Supplementary Fig. 10f ). The enhanced expression of NF-κB, p-NF-κB, p-STAT3, c-myc, cyclin D1, CDK4, and Slug by NCAPG2 overexpression is partly reversed by stable transfection of miR-188-3p in the tumour tissues ( Supplementary Fig. 9f and 10e) . Moreover, tumour growth and lung metastasis capacities are enhanced in HCCLM3-shNCAPG2 cells by downregulating miR-188-3p expression. Taken together, these results indicate that miR-188-3p can reverse NCAPG2-mediated proliferation and metastasis in HCC.
NCAPG2 downregulates miR-188-3p and forms a negative feedback loop
It has been reported that miR-188-3p can be suppressed by the activation of NF-κB in a mouse model [31] . Considering that NCAPG2 overexpression activates NF-κB, we asked whether NCAPG2 could regulate miR-188-3p expression by regulating NF-κB activation. Intriguingly, a real-time PCR analysis showed that miR-188-3p expression in Huh7-NCAPG2 cells was suppressed, and that this suppressive effect was restored by si-NF-κB transfection compared to controls (Fig. 7a) . Additionally, the upregulation of miR-188-3p expression induced by knocking down NCAPG2 expression in HCCLM3 and SK-Hep1 cells was eliminated by preincubating the cells with TNFα (10 ng/ml, 24 h), which is an NF-κB activator (Fig. 7b) . Western blotting confirmed that NCAPG2 expression is enhanced by TNFα-stimulated NF-κB activation in Huh7 cells and the opposite effect is achieved by si-NF-κB in HCCLM3 cells (Fig. 7c) . Furthermore, we performed IHC to detect the expression levels of NCAPG2 and p-NF-κB in 80 HCC tissue specimens (Fig. 7d) . The Spearman's correlation test revealed a positive relationship between NCAPG2 and p-NF-κB in HCC tissue specimens. (r = 0.4806, P b .001) (Fig. 7e) . These findings indicate the existence of a negative feedback loop between miR-188-3p and NCAPG2 that is dependent on NF-κB activation.
3.11. Combination of miR-188-3p and NCAPG2 has a better prognostic value for HCC Given the reciprocal relationship between miR-188-3p and NCAPG2 described above, we analysed their expression levels in clinical HCC samples and found a negative correlation between miR-188-3p and NCAPG2 (r = −0.4389, p b .001) (Fig. 7f) . Moreover, patients with low miR-188-3p and high NCAPG2 levels exhibit worse outcomes. In contrast, patients with high miR-188-3p and low NCAPG2 levels had better OS and DFS (Figs. 7g, h ). Using a combination of these two parameters increases the prognostic value, compared to using NCAPG2 alone.
Discussion
HCC is one of the most common life-threatening neoplasias with high incidence and mortality worldwide; therefore, identifying the molecular targets and mechanisms of HCC is critical to advancing treatment for patients. In this study, we demonstrated that NCAPG2 is a potent oncogene responsible for HCC proliferation and metastasis and is driven predominantly by activation of the STAT3 and NF-κB pathways. Activated STAT3 directly stimulates NCAPG2 transcription via binding to its promoter regulatory region. NCAPG2 overexpression may also be partially attributed to reduced miR-188-3p resulting from NF-κB activation. Our findings suggest that NCAPG2 and miR-188-3p play vital roles in HCC progression (Fig. 7i) .
NCAPG2 is a component of the condensin II complex that contributes to mitosis and many cellular functions including regulation of gene expression [4, 5, 32] . It has been reported that NCAPG2 promotes lung adenocarcinoma proliferation and is associated with poor prognosis [7] . Here, we selected NCAPG2 as a promising research target through mRNA microarray and TCGA data analysis from HCC patients. Accordingly, our data show that high expression of NCAPG2 is linked to worse OS and DFS in patients with HCC.
We confirmed that knocking down NCAPG2 expression arrests HCC cells in G1/S-phase and reduces their migration and invasion ability, both in vitro and in vivo, and suppresses HCC cell tumorigenesis, proliferation, and metastasis in a mouse model. To determine if the reduced migration and invasion was attributed to cell cycle arrest, we designed CCK8 growth curve tests and found that the meaningful growth difference was detected at least 72 h after stable lentivirus transfection of HCC cells, while the migration and invasion tests were conducted no N36 h after transfection, specifically in serum-free medium that restricts HCC cell growth. Furthermore, in liver orthotopic xenograft tumour models, the overexpressing NCAPG2 groups exhibited a higher number of intrahepatic metastatic nodules than the controls. Conversely, knocking down NCAPG2 resulted in fewer intrahepatic metastatic nodules. Therefore, our results indicate that NCAPG2 plays a significant role in both HCC proliferation and metastasis.
On the molecular level, our investigation uncovered the role of NCAPG2 in regulating EMT via enhancing the expression of the mesenchymal markers N-cadherin and vimentin, and decreasing the expression of the epithelial maker E-cadherin during HCC migration and invasion. This involvement of NCAPG2 in EMT is dependent on the transcription factor Slug. Moreover, both the STAT3 and NF-κB pathways are involved in NCAPG2-mediated HCC proliferation and metastasis, rather than the ERK and AKT pathways. NCAPG2 increases the phosphorylation of STAT3, resulting in upregulation of c-myc, CDK4, cyclin D1, Slug, and MMP9, which are important tumour growth and metastasis promoting factors, consistent with recent studies [33, 34] . C-myc is an important transcription factor that directly upregulates CDK4, cyclin D1, Slug, and MMP9 expression [35] [36] [37] . Moreover, phosphorylation of STAT3 can activate NANOG expression and NANOG can induce Slug expression at the transcriptional level [38] . However, further investigation is required to elucidate the relationship between p-Stat3 and Slug in HCC.
We also found that activated STAT3 could directly bind to the NCAPG2 promotor regulatory region and upregulate NCAPG2 expression to establish a positive feedback loop. In addition, activated NF-κB is always associated with HCC proliferation, EMT, MMP activity, angiogenesis, and metastasis. Interestingly, STAT3 and NF-κB can be mutual regulators that depend on IL-6 to a certain extent. Previous studies have reported that both STAT3 and NF-κB can bind directly to the IL-6 promoter to upregulate IL-6 expression, and IL-6 also stimulates STAT3 and NF-κB activation [19, 33, 39, 40] . In this study we found that IL-6 is upregulated and downregulated after overexpressing and silencing NCAPG2 expression, respectively. Thus, we hypothesise that NCAPG2 participates in the crosstalk between the STAT3 and NF-κB pathways, and plan to investigate this in the future.
Accumulating evidence indicate that miRNAs play indispensable roles in tumour development and progression by inducing either translational repression or mRNA degradation [29] . MiR-188-3p was found to have multiple functions in diverse diseases, including regulating autophagy suppression [41] and neurodegenerative disease [31] , and acting as an oncogene in colorectal cancer [42] . Here, we found that miR-188-3p is frequently downregulated in HCC tissues compared to adjacent normal liver tissues, and we confirmed that miR-188-3p directly targets NCAPG2 to negatively regulate NCAPG2 expression and blocks NCAPG2-mediated HCC proliferation and metastasis. It was previously reported that miR-188-3p expression could be suppressed by NF-κB activation [31] , and consistent with that, our results showed that miR-188-3p is negatively regulated by NCAPG2 in a manner dependent on the enhanced activation of NF-κB, thereby forming a negative feedback loop. Finally, the combination of high NCAPG2 and low miR-188-3p expression is correlated with a worse prognosis in patients with HCC.
In conclusion, we demonstrated for the first time that NCAPG2 is an important oncogene that contributes to HCC proliferation and metastasis. NCAPG2 can activate both the STAT3 and NF-κB pathways and activated STAT3 positively regulates NCAPG2 expression. Moreover, overexpression of NCAPG2 is a consequence of reduced miR-188-3p, which is closely associated with activated NF-κB. There exists a positive regulation loop between NCAPG2 and p-STAT3 and a negative regulation loop between NCAPG2 and miR-188-3p. These results provide a foundation for understanding the mechanism of HCC progression and may contribute to the identification of new biomarkers and therapeutic targets for HCC.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.ebiom.2019.05.053.
